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ABSTRACT 
Research conducted on this project shows that primary battery 
systems with lithium anodes of sufficiently low polarizability are 
paihle i~l nonsquenus electrolytes. However, the capacity of the cells 
developed was limited by the high polarization of the cathode, by the 
resistance of the solution, and by the resistance of the membrane re- 
quired to prevent contact of the soluble cathode materials. Open circuit 
values of 3.9 volts were obtained. 
Maximum current' densities of (25 ma)/cm2 have been obtained with 
lithium anode, propylene carbonategQYS-€i,O mixtures, and cathode of 
Halane or KlC1,. Under present conditions, measurements indicate maximum 
cell capacity of about 0 . 5  whr/lb. 
weight of 15-30 whr/lb seem possible with further development. 
the most promising systems are propylene carbonate-potassium thiocyanate 
or tetraethyl ammonium bromide mixtures with cathodes of Halane or KlC1,. 
Practical values of energy per unit 
At present 
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DEVELOPMENT OF HIGH ENERGY BATTERIES 
I INTRODUCTION 
2% iesiirgeiit iiiteisst in batteries has due i~ part tc tile 
need f o r  a highly portable e l e c t r i c  power source i n  missiles and space 
probes. E lec t r i ca l  power is  required f o r  hydraulic motors and servo- 
mechanisms i n  guidance; fo r  e l e c t r i c a l  equipment i n  telemetry, da t a  
s torage,  and transmission; and f o r  signal equipment on t h e  ground. Manned 
rockets  w i l l  require  even more extensive power fo r  environmental control 
and expanded communication and guidance f a c i l i t i e s .  
Besides po r t ab i l i t y ,  des i rab le  propert ies  of ba t t e r i e s  fo r  power 
sources a r e  the a b i l i t y  t o  withstand high iner t ia l ’  impulse and t o  operate 
i n  extreme temperatures and i n  any posit ion.  Primary, or one-shot, 
b a t t e r i e s  are of i n t e r e s t  because they a r e  capable of high current 
drainage; they can a l so  be used f o r  emergency power or  other  temporary 
uses i n  more elaborate  rockets .  
I n  October 1959 the  National Aeronautics and Space Administration 
authorized Stanford Research I n s t i t u t e  t o  conduct a research program on 
a high energy nonaqueous bat tery.  Most b a t t e r i e s  commonly operate w i t h  
0.5-2.0 c e l l  voltqge by using moderately ac t ive  anodes such as  zinc,  lead,  
or i ron .  Bat te r ies  u t i l i z i n g  more act ive anode mater ia ls ,  such as l i thium 
or sodium, would yield higher c e l l  potent ia ls ;  thus,  savings i n  weight and 
s i z e  could be rea l ized .  
Since the use of such metals with reac t ive  solvents  or water is pre- 
cluded because of solvent reac t ion  and gas evolution, the systems must be 
made of nonreactive mater ia ls  and selected nonaqueous solvents .  The non- 
aqueous solvent should have high d i e l e c t r i c  constant,  low v iscos i ty ,  and 
workable l i qu id  range--low freezing point and high boi l ing point .  A s  the  
solvent molecule should not contain ac t ive  hydrogen atoms, solvents such 
1 
. 
as alcohols (R-OH) or acids (RCOOII) which react rapidly with alkali 
metals are not suitable. 
The reaction metals of interest include sodium, calcium, and lithium. 
This research focused on lithium as anode material. The other metals 
would probably show similar results. 
The objective in this research was the development of batteries with 
higher cell voltage and increased capacity (whr/lb) over that of existing 
batteries. By utilizing solvents with low melting points the low temper- 
ature operation of nonaqueous batteries may be improved. 
I1 LITERATURE SURVEY 
Previous work on nonaqueous batteries has been reported by 
T. P. Dirkse' related to the use of alkali or alkaline earth metals in 
batteries. Such solvents as liquid ammonia, hydrazine, hydrocyanic acid, 
ethyl alcohol, and hydrofluoric acid were discussed and studies of cell 
conductivities and electrolyte performance in acetonitrite, pyridine, 
acetone, and formamide were summarized. With the cell system sodium 
lithium perchloride-ethanol , silver oxide , a discharge of 80 ma/cm* was 
obtained with a cell voltage of 1.0 volt; the open circuit voltage was 3.0. 
Successful batteries have been made with liquid ammonia solvent, zinc, 
lead and magnesium anodes, and lead dioxide, sulfur, mercury sulfate, or 
sulfur cathodes.2 Experimental cells with 26 whr/lb capacity have been 
assembled showing open circuit volt ages of 2.39 [ for (Mg/KCNS-NH, ) /HgS04 
cell]. 
anode and an m-dinitrobenzene cathode utilizing a KCNS liquid-ammonia 
electrolyte should result in a battery with 100 whr/lb capacity. Liquid 
sulfur dioxide has been used in a nonaqueous batterywith sodium anodes, 
IBr*, FeCl,, and iron cathodes; an open circuit voltage of 5 was found.' 
Acetonitrile has been used as the solvent in a Leclanche dry cell to g ive  
1.5 volts open ~ircuit.~ 
Recent work' has suggested that a cell consisting of a magnesium 
2 
I11 MPERILIENTAL WORK 
The major part of the present work evaluated cells made of lithium 
anodes and certain selected cathodes in solutions of propylene carbonate 
and potassium thiocyanate. 
A. NONAQUEOUS SOLUTION STUDIES 
1. Conductivitv Measurements 
Conductivity measurements were carried out with a shielded Wheatstone 
bridge using a modified General Radio capacitor bridge, Type No. 716-C, 
circuit . 
A power oscillator from Industrial Test Equipment Company, Model 1040, 
supplied the 1,000 cps alternating current. The bridge balance point was 
measured visually with a Tektronix, Type 531, oscilloscope. These are 
shown i n  Fig. 1. 
Conductivity measurements were made using the cell shown in Fig. 2. 
Caps were placed on top of the columns to prevent moisture and impurities 
from getting into the cell. The cell, plus 20 ml of solution, was then 
placed in constant temperature baths. Bath temperatures ranged from 
-40°C to +5OoC. 
made of saturated solutions of the salts KC1, NaC1, HBr, LiBr, Et,NBr, 
and KCNS in various solvents. Propylene carbonate was studied most 
extensively. 
Conductivity measurements at various temperatures were 
Measurements were also made of saturated solutions of KCNS and Et,NEr 
in dimethylsulfoxide, acetonitrile, and mixtures of N-methyl acetamide 
with propylene carbonate. The results of this work are tabulated in 
Table I. 
The relation of specific conductivity, temperature, and concentration 
of KCNS in propylene carbonate is given in Table 11 and Figs. 3, 4, 5, and 
6.  Figures 3 and 4 illustrate how specific conductivities, K = 3.45, 
6.20, 8 . 0 ,  and 10.0 x 52'' cm-' , vary with temperature and concentra- 
tion of KCNS in propylene carbonate. Figure 5 is a plot of the logarithm 
Of the specific conductivity of KCNS in propylene carbonate versus l/T°K. 
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CELL "A" FOR CONDUCTIVITY MEASUREMENT 
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Table I 
CONDUCTIVITY ( K )  MEASUREXENTS OF VARIOUS 
SOLVENTS AND ELECTROLYTES AT VARIED TEMPERATURES 
Solvent 
(50 m l )  
Propylene 
carbonat e 
( d i s t i l l e d )  
Propylene 
carbonat e 
(as  received) 
Electrolyte 
None 
KBr saturated 
KBr 10 gm 
KCNS 10 gm, not 
saturated 
ENS 11 gm, saturated 
LiBr 25 gm, saturated 
Solution No. 6 di luted 
1 to 1 w i t h  propylene 
carbonat e 
L i C l  10 gm, saturated 
Et,NBr 10 gm 
saturated 
H,O 0% ( added ) 
H,O 3.6 
H 2 0  10% 
H 2 0  20% 
K, 0-l cm-' 
1.8 x lo-' 
1.8 x 
3.13 10-4 
3.09 x 10-4 
8.4 x 10-~ 
7.09 x 10-3 
7.08 10-3 
6.82 x 10-~ 
7.95 10-3 
10.00 x 10-3 
4.2 x 10-4 
5.68 x 10-4 
3.15 x 
1.24 x lo-' 
12.58 x lo-' 
11.45 x 
15.55 -x lo-' 
1.355 x 
1.483 x lo-' 
1.853 x 
2.572 x 
3.50 x 10-3 
3.07 x 10-4 
3.31 x 10-4 
3.93 x 10-4 
4.79 x io-' 
7.77 10-3 
11.09 x 10-3 
6 x 10-3 
7.039 x 
9.417 x lo-' 
1.25 x 
2.20 x 
3.82 x loe2 
T°C 
47 
20 
50 
45.2 
43 
33 
26 
25.5 
50 
25.5 
31.0 
50 
40 
22.2 
30 
40 
50 
22 
25 
30 
40 
50 
25.2 
31 
40.8 
50 
24.2 
30 
40.3 
50 
25 
25 
25 
25 
6 
.Run 
Number 
11 
12 
13 
14 
15 
16 
Solvent 
(50 m l )  
Dimethyl 
sulfoxide 
Acetonitrile 
111.90 gm 
propylene 
carbonate 
methyl 
acetamide 
92.85 gm N 
Table I (Concluded) 
Electrolyte 
KCNS 10 gm, a l l  
dissolved 
Et4NBr 8 gm, saturated 
ENS 11 gm, unsaturated 
Et4NBr 8 gm, saturated 
KCNS 10 gm, saturated 
KCNS 10 gm, unsaturated 
K, i2-l cm" 
1.292 x lo-* 
1.396 x to-' 
1.578 x lo-' 
1.993 x lo-' 
2.458 x lo-' 
1.035 x lo-* 
I. 170 
1.431 
1.713 
1.225 x lo-' 
1.309 
1.516 
1.937 
2.492 
3.40 x 
3.17 
2.94 
2.81 
2.68 x lo-* 
2.73 
2.84 
3.07 
3.30 
6.57 x lo-' 
7.67 
6.39 
7.66 
LO. 48 
L3.30 
T°C 
22 
25 
30 
40 
50 
24 
30 
30 
50 
22.8 
25 
30 
40 
50 
50 
40 
30 
25 
23 
25 
30 
40 
50 
25 
30 
25 
30 
40 
50 
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SPECIFIC CONDUCTIVITY OF PROPYLENE 
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SOLUTIONS WITH H,O ADDED 
Figure 6 illustrates how the specific conductivity of KCNS in as-received 
propylene carbonate changes with water content at 25'C. 
2.  Compatibility with Lithium 
Nonaqueous solvents were surveyed and those of interest are tabulated 
with their various bulk properties in Table 111. 
these as-received and purified liquids with lithium has been ascertained. 
These results are shown in Table IV. Commercial solvents are available 
which,are compatible with lithium metal and which have high conductivity 
with electrolytes; thus they could be used in battery systems. Neither 
The compatibility of 
12 
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acids nor ammonium ions were acceptable with lithium, since rapid 
corrosion occurs. 
as electrolytes. 
Therefore, salts such as KCNS and Et,NBr must be used 
Propylene carbonate used in this study originated from Matheson, 
Coleman, and Bell. (Its properties and general characteristics are listed 
in Table 111. ) Raw or as-received propylene carbonate contains 2.64 water 
when-analyzed by the Karl Fisher titration. 
3. Purification of Propylene Carbonate 
In order to purify the propylene carbonate a fractional distillation 
apparatus, shown in Fig. 7 ,  was used. Cuts of 30 ml each were taken; the 
first two cuts were discarded. Conductivity measurements were made at 
25OC on succeeding cuts using a 1,000 cycle AC bridge. 
propylene carbonate (as received) had a specific conductivity, 
iC = 1.1 x lo-' S2-l cm-', and the third cut of distillate had a 
IC = 3 x lo-' l2-l cm-'. The fifth cut had a K = 2 x lo-' Q-' cm-'. Ex- 
tractions of K = 6 x lo-' to 8 x lo-' i2-l cm-' were used in cell runs. 
The original 
A one-liter flask was adapted with a Nichrome heater in the bottom 
to heat the propylene carbonate. 
long was filled with Pyrex glass helices 3/16 inch ID (Scientific Glass 
Apparatus Company). The tube was wrapped with heating tape (manufactured 
by Electrothermal Engineering Company, Limited, and sold in the 
United States by Arthur S .  LaPine and Company in Chicago, Illinois). 
This was done to heat the column sufficiently to permit the vapors to 
reach the condenser and collect in a calibrated flask. The system was 
then closed off and 20-30 ml of purified propylene carbonate was delivered 
into the collection flask, removed, and replaced with a new flask placed 
in line. 
tube to maintain the inside temperature. 
A reflux column 1-1/8 inch ID, 40 inches 
An outer tube 2-3/4 inches ID was placed over the wrapped reflux 
The liquid and reflux column were kept at 126O and llO°C respectively. 
The entire system was maintained at 10 mm Hg. 
B. ANODE PREPARATION 
Lithium was selected as the anode material. Lithium has a low 
equivalent weight (6 .9  equivalents/mole) and would be an ideal electrode 
15 
FIG. 7 
DISTILLATION APPARATUS FOR PROPYLENE CARBONATE 
16 
material from the standpoint of lightness in weight and high voltage, 
based on its half reaction to produce lithium ion. 
+ Li+L3(Aq) + e Eo = 3.05 volts 
The potential for the half reaction in solvents other than water (such 
as propylene carbonate) is expected to be in the same range, 2 .8  to 
3.2 volts. This voltage range is found for methanol, acetonitrile, 
formic acid, and ammonia.6 
For a reaction in water between lithium and chlorine to produce 
solid LiCl 
the standard free energy change is -91.7 Kcal/mole, which is equivalent 
to a potential of 4.2 volts. Three methods of anode preparation were 
selected; use of lithium strips, lithium dip coatings, and electro- 
deposition of lithium. 
1. Lithium Strips 
Lithium in 30-mil-thick strips is soft and must be supported when 
used as an electrode. The first method used to form an electrode was to 
attach 1/4-inch-wide x 30-mil-thick lithium ribbon to copper plates. 
lithium, stored in petroleum grease, was cleaned according to the following 
procedure : 
The 
(a) Degrease in acetone, wipe with paper tissue 
(b) Soak in a methanol-dry ice mixture until the gray 
(c) Remove from mixture, dry with paper tissue, and 
oxide-nitride coating is dissolved 
place in a cell prefilled with electrolyte solution. 
This method gave poor mechanical attachment of lithium to copper, 
and showed difficulty of maintaining good electrical contact. 
2. Dip Coating 
A copper sheet (cut to size) was dipped into molten lithium under 
argon in a dry box. The lithium electrode was then assembled in the 
17 
. 
battery cell in the dry box (Fig. 8 ) .  
which was then removed from the dry box for filling with electrolyte 
solution and testing. Lithium-coated copper anodes dipped into propylene 
carbonate solutions were found clean and shiny for a sufficient time to 
effect an air transfer to cell. Cells have also been assembled at test 
equipment location. 
Covers were applied to the cell, 
FIG. 8 
DRY BOX 
Some copper was dissolved by the molten lithium. In one typical 
run with a lithium coating of 0.31 gram spread over a 22 cm2 surface, 
0.11 gram copper was dissolved in the lithium coating and 0.29 gram of 
copper was left in the molten bath. After the copper had been dipped 
18 
into the molten lithium bath a gray to black colored film was formed on 
the surface of the bath which was skimmed off. Occasionally a voluminous 
black efflorescence occurred at the surface in the stainless steel pot 
and the black material overflowed the pot, necessitating the replaqelnent 
of the lithium. 
Because the copper was soluble in molten lithium, different materials 
were also used. For example, molybdenum sheet was cut to desired size and 
then dipcoated with lithium, making an electrode which was not soluble in 
the molten lithium. 
3. Electrodeposition 
Electrodeposition of lithium onto copper plates for use as anodes 
was carried out in propylene carbonate solutions of lithium salts. So- 
lutions with lithium chloride and lithium bromide produced gray crystal- 
line deposits on the copper plates. 
efficiencies of 20% to 40s. 
backing was a possible method for cell assembly; however, in the majority 
of the work reported, dip-coated electrodes were used since considerably 
more development was necessary for electrodeposition. 
Preliminary experiments gave current 
Electrodeposition of lithium on a metallic 
C. CATHODE PREPARATION 
Proper selection of the cathode material was of major importance in 
Many materials having a good charge-to-weight ratio were not t4is work. 
compatible with solvents. 
half reaction would be 
For example, if chlorine gas were used the 
Chlorine, however, decomposes solvents such as propylene carbonate. 
For a more suitable cathode material such as Halane (NN dichloro- 
dimethyl-hydantoin) the potential would be less. In propylene carbonate 
solutions, Halane liberated bromine and iodine from bromide and iodide 
salts. Chlorine from chloride ion was not observed under these conditions. 
- 
(Halane)- (Halane)- = -2e E -1.0 volt 
19 
or 
Halane was used as a cathode material in most cell experiments. Potassium 
thiocyanate, since it was soluble in solvents and compatible with lithium 
anodes, was the electrolyte used in most cell experiments. However, 
Halane reacts with the thiocyanate ion to form colorless thiocyanogen. 
Thiocyanogen subsequently polymerizes to form a yellow-orange, unreactive 
compound parathiocyanogen. Alternatively, the thiocyanogen could react 
at the cathode. 
1/2 (CNS),+ CNS' -e Eo = +0.77 volts 
Formation of thiocyanogen and parathiocyanogen by removal of thio- 
cyanate may account for the increase in resistance which occurred in many 
of the cell experiments, Initially the cathode was made of copper strips 
or wire screen covered by dipping into a molten graphite-Halane mixture. 
Halane can be melted without decomposition. 
In later experiments the cathode was consCructed using porous carbon 
plates permeated with the graphite-Halane mixture. Other cathode ma- 
terials include copper oxide-graphite mixture, cuprous sulfide, 
Dibromantin-graphite, MnO,, and CuO. Soluble copper salts such as CuF, 
and CuC1, have been mixed with graphite and placed on graphite plates in 
a paste form. Sulfur-graphite, potassium cyanide, silver peroxide, and 
silver metal on silver mesh cathode have also been tried. Potassium 
tetrachloroiodide (KlC1,) was prepared in the laboratory for use as a 
cathode. It is possible that this compound may form inter-Halogen-like 
compounds with the thiocyanates or thiocyanogen in the cell. Compound 
preparation of KlC1, and Cu,S are given in Appendix A. Table V contains 
the molecular weights, the number of electrons accepted during reaction, 
and the theoretical watt hours/lb calculated from a lithium cell using a 
given cathode material. Methods of cathode preparation are summarized 
in Appendix A. 
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D. KEbfBRANES OR DIAFWRAGMS 
Materi a1 
I n i t i a l l y  diaphragm w e r e  maae of three to  s i x  layers  of Whatman 
N o .  1 f i l t e r  paper. 
i n  solut ion,  the separation of the anode and cathode members w a s  not 
s a t i s f ac to ry  and f i n a l  work w a s  conducted using other  membrane materials.  
Pyroxylin membranes are solubi l ized by propylene carbonate. Polyvinyl 
alcohol films and an ion exchange membrane N a l f i l m  N o .  1 are slowly at- 
tacked by propylene carbonate and tear while swelling. Cellophane films 
are swollen s l i g h t l y  by propylene carbonate and give too high a cel l  
res i s tance  for  use. An ion exchange membrane with r e s i n  reinforced by 
Fiberglas mesh Nepton CR61, obtained from Ionics Incorporated, is usable 
fo r  runs of short  duration. Solvent res i s tance  of membrane materials 
are presented i n  Table V I .  A microporous polyvinyl chloride, Pormax, 
manufactured by the  E lec t r i c  Storage B a t t e r y  Company was used i n  the last  
experiments and w a s  found to  have good propert ies .  
Although t h i s  material had low e l e c t r i c a l  res i s tance  
11 11 
Time 
Immersed So 1 vent R e s u l t s  
Table VI 
MglvIBRANE MATERIALS 
Acetoni t r i le  
Acetone (Tech) 
Propylene carbonate 
7 Butyrolactone 
DiMethyl sulfoxide 
DiMethyl Formamide 
Nitroethane 
No a t tack  20 days 
No a t tack  20 days 
No a t tack  20 days 
Slow at tack 20 days 
Completely dissolved 2 hours 
Very slow a t tack  20 days 
Very slow a t tack  20 days 
Polyvinyl Alcohol 
Cellophane 
Nalfilm D-30 
I O n i C S  Exchange Resin 
Nepton CR61 
Pyroxylin 
Ion Exchange Membrane 
Nalfilm I 
Pormax Micro Porous- 
Polyvinyl Chloride 
Dissolves readi ly  
No at tack 
- 
Dissolves readi ly  
Tears while swelling 
No a t tack  
30 days 
2 days 
2 hours 
20 days 
Propylene carbonate 
Propylene carbonate 
KCNS 
Propylene carbonate 
Propylene carbonate 
Propylene carbonate I 
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E. BATTERY STUDIES 
1. Cell Construction 
Cells were constructed from 1/4-inch-thick polyethylene with inner 
dimensions of 1/2 x 1-3/8 x 4-3/8 inches. 
1/2-inch-wide electrodes and 2, 4, 5 ,  and 9-m spacings between electrodes , 
and with 1-3/8-inch-wide electrodes and 0.5- to 3-mm spacings. 
cell types I and I1 respectively, and are shown in Fig. 9. 
Cells were used with both 
These were 
Lucite was dissolved by propylene carbonate ana thus was ruied oat 
as a structural material. Polyethylene is inert to propylene carbonate 
and was, therefore, used in the cell design. The anode of the cells was 
made of lithium strips backed with aluminum or copper for support. For 
later experiments it was decided to use a more inert or insoluble material 
for support. When lithium strips were used, bakelite (1/32 inch thick) 
was employed far support. When used in cast form, copper or molybdenum 
sheet was used as the supporting member. 
Multiple or bipolar (Type IV) cells have been constructed for in- 
sertion into the standard polyethylene cases, described as follows: 
Two copper sheets coated with Acheson Colloids 
“Aldag No. 154” on one side only--two coats, with 
a 30-minute bake at 100°C between coats and after 
second coat 
One copper sheet coated on both surfaces with 
“Aldag No. 154”--two coats with a 30-minute bake 
at 100°C between coats and after second coat 
The two copper sheets with one side coated, dipped 
into molten lithium 
Ut’-shaped polyethylene spacers 1/4 inch thick were I 1  
cemented with rubber cement, Li surface and dag 
surface. A compressed Halane, KBr, graphite 
cathode was placed in compartment between two 
electrodes in each compartment. 
Two sheets (cut to size) of filter paper placed 
between cathode and lithium surface 
The assembly is placed in outer cell and electrolyte 
placed in the two compartments. A drawing of the 
multiple cell is given in Fig. 10. 
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2. C e l l  Testing 
2 gms 
2 gms 
C e l l s  were assembled and f i l l e d  with e lec t ro ly te  j u s t  p r ior  t o  
t e s t ing .  C e l l  types I and I1 required 30-35 m l  of e lec t ro ly te ;  C e l l  111, 
25-30 m l ;  and C e l l  I V ,  6-8 m l .  Measurements were made of the open c i r c u i t  
270 10 Bon 3.05 
Exchange 
Exchange 
50 50 Ion 1.20 
voltage, maximum current ,  and c u r r e n t  capaci t ies  under d i f fe ren t  loads. 
The equipment used i n  these tests is i l l u s t r a t e d  i n  Figs.  1 and 11. The 
r e s u l t s  of t h i s  work are presented i n  Tables V I I ,  V I 1 1  and i n  Appendix B. 
The resistance of the cells w a s  measured using an Indus t r ia l  Equipment 
Company power osc i l l a to r ,  M o d e l  1040, (a )  t o  supply the 1,000 cps alter- 
nating current and a shielded Wheatstone bridge c i r c u i t  (b)  i n  conjunction 
with a decade resistance box ( c ) .  
2 gms 
2 gms 
Table V I 1  
260 10 F i l t e r  3.30 
Paper 
Paper 
50 50 F i l t e r  2.02 
CURRENT CAPACITY OF HALANE CELLS 
86 
81 
C e l l  Run 
(Number ) 
2 gms 1250 50 
2 gms 1100 100 
Cathode Capacity Current 
(Halane) 1 { m a  m i z l )  1 (ma) I Membrane /Voltage 
F i l t e r  
Paper 
F i l t e r  
Paper 
3.05 3.45 7.42 I n i t i a l  
21.5 A t  f i n i s h  
2.70 3.62 
Table V I 1 1  
CURRENT CAPACITY OF KIcI, CELLS 
C e l l  Run 
(Number ) 
a2 
I I I 
OCV 
3.60 
- 
3.40 
3.50 
3.60 
- 
:ell Resistance 
16 A t  f i n i s h  
(0- 1 
I C e l l  R e s i s t -  
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The bridge balance point was measured visually with a Tektronix, 
Type 531, oscilloscope (d). 
3. Cell Capacity 
The capacity of Halane-containing cells was determined in runs with 
2 grm Halane present in the total mixture. For a 10s voltage drop, a 
capacity of 270 ma-min* was found to be independent of the cell con- 
struction, as far as the use of an ion exchange membrane or filter paper 
for diaphragm was concerned. The cell voltages depended on the cell 
construction; the higher voltages were obtained at smaller resistances, 
e.g., 3.30~ at 10 ma rate for the lower resistance cells with filter 
paper. Halane utilization was 0.45 for the 10s voltage drop. These 
results are recorded in Table VII. 
The capacity of KlC14-containing cells was determined in runs with 
2.0 grams KlC1, present in the total mixture. For a 10% voltage drop, a 
capacity of 1,050 ma-min was found at 10 ma current, and 1,250 ma-min at 
50 ma current. These results are recorded in Table VIII. 
F. POLARIZATION STUDIES 
Polarization values of both electrodes were evaluated using a cell 
assembly designed to this end shown in Fig. 12. 
Platinum reference electrodes were immersed in the electrolyte con- 
tained by pockets in the cell walls. The potential measurements made 
between the platinum reference electrodes and the main electrodes were a 
function of the activation and concentration polarization and of re- 
sistance polarization from the voltage gradient in solution. Data are 
given in Appendix B. Cells run with Halane-graphite cathodes, lithium 
anodes, and propylene carbonate-potassium thiocyanate solution indicate 
that a large part of the polarization is from resistance of the solution 
at currents to 100 ma or current densities to (5 ma)/cm?. The resistance 
of the cell is high because of the nature of the solvent-electrolyte used. 
~ ~~~~ ~~ 
* Milliampere-minutes. 
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CELL FOR POLARIZATION STUDIES-TYPE IIC 
POLYETHYLENE 
F SPACER 
.-304S-IP 
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The resistivity of the standard potassium thiocyanate-propylene carbonate 
solution used is 146 ohm-cm. The total resistance of the parallel plate 
cells closely approximates that calculated by the equation R = pL/A where 
L is the distance between plates and A the area exposed. Calculation of 
concentration polarization E, for the cathode by the usual equations 
shows that E, is of minor contribution at zurrents less thar, 100 ne. 
values of C, = 6 x 10' w>le/cc, N = 2 equivalents per mole, 
D = lo-' cm*/sec, 6 = 0.005 cm, T = 2 9 8 O K ,  and i = 100 ma. 
For 
AEc is 3 mv. 
Polarization experiments also indicated that the potential of a 
platinum reference electrode versus the lithium anode remained practically 
unchanged, while the terminal anode-cathode voltage dropped to zero. This 
indicated that a serious limitation of the cell is in the Halane cathode. 
It is believed that the difficulties with the Halane electrode are caused 
by the formation of a gaseous (chlorine) or solid (parathiocyanogen) 
resistive layer which interferes with the contact between the carbon 
grains and the active material. 
11 Preliminary experiments to determine the site of the high internal 
resistance" were not successful, due to inconsistent and rapidly changing 
results. Resistance-capacitance measurements were also erratic because 
of chemical changes in cells. These were carried out by potential-time 
measurements using a reference electrode on both sides of the separator 
and an oscilloscope with second cut-off times. 
G. KCNS PUEIFICATION AND ANALYSIS 
One hundred twenty grams of commercial KCNS were placed in a clean 
container and heated at 7OoC in an evacuated oven (1 mm pressure) until 
dry. After about four hours the salt was removed, ground in a mortar and 
pestle, and reheated in the vacuum oven for twenty-four hours. 
was then removed and placed in a vacuum desiccator until ready to be 
placed in solution for cell measurements. 
The salt 
30 
Solutions E N S  in propylene carbonate were analyzed by titrating 
with a standard silver nitrate solution. 
IV DISCUSSION 
Lithium anodes of sufficiently low polarizability and compatibility 
are possible in nonaqueous electrolytes. The most promising systems are 
propylene carbonate - E N S ,  or Et,NBr as electrolytes with cathodes of 
Halane or aCl,. 
Total cell voltages of 3.9 have been obtained, which surpass those 
of most other battery systems. 
A major part of this work was concerned with determining the con- 
ductivity of nonaqueous electrolytes which were inert to lithium. A 
suitable system was propylene carbonate with near-saturated solutions 
of KCNS or Et,NBr. 
K = 7 x lo-' S2-' cm-' at 25OC were obtained. This is about one hundred 
times more resistant than sulfuric battery acid (0.7 S2-l cm-?. 
shows that one of the limiting factors of the lithium battery capacity 
was the high resistance of the electrolyte. 
Specific conductivities of the order of 
This 
Current densities of 20-25 ma/cm2 were obtained with cell experi- 
ments using lithium anodes, Halane cathode, and propylene carbonate- 
ENS-H,O mixtures. Typical runs are shown in Appendix B, experiments 35- 
37. Similar current densities were obtained with lithium anodes, KIC1, 
cathodes, and a propylene carbonate-KCNS electrolyte, as shown by experi- 
ments 71, 73, and 75. The power-to-weight ratio was approximately 
doubled by the use of bipolar cells in which double cell construction 
gave similar current densities but at higher voltages. These experiments 
(102 and 103) indicated that another major limitation of the present 
battery system is in the high polarizability under current drains. 
Future work would definitely have to concentrate on this side of the cell 
system. 
A membrane of suitably low resistance and good compatibility with 
the system is also lacking, although "Pormax" showed good results. 
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v FUTURE WORK 
Future studies should concentrate on improvement of the cathode 
reaction. 
on what improvements can be made in the proper selection of cathode 
material to give lower polarizability and higher charge-to-weight ratio. 
This means work must focus on examination of different cathode materials, 
organic and inorganic. Further systems which are suggested for consider- 
ation as cathode materials are Li,O,, percarbonates, perborates, per- 
fluorates, persulfates, perphosphates, potassium chlorate, iodoform, C14, 
T-chloramine, N-chloramine, and organic acids. 
Any further development of this battery will depend primarily 
The question of the locatfon of the main part of the resistance 
indicated by the D.C. potential measurements should be studied by A.C. 
impedance measurements with frequencies up to 40 kc/sec. 
Attempts to improve the electrolyte conductivity should be made to 
These may be found in components such form solvent-additive complexes. 
as AlC1, and fluorides. 
1. 
2. 
3. 
4. 
5 .  
6. 
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APPENDIX A 
MATERIALS AND PROCEDURGS FOR CATHODE "CAg6," 
K I C l , ,  AND C U ~ S  PMPARATION 
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Appendix A 
1yIATHIIALS AND PROCEDURES FOR CATHODE "CAgE," 
KICl, ,  AND Cu,S PREPARATION 
Cathode Cakes 
No. 1 2 gm Halane 
No. 2 
No. 3 
0 - 8  g~ powdered graphite 
0.2 gm Flexbond res in  (polyvinyl  alcohol) 
Materials were w e t  with small amount of acetone, spread 
between polyethylene form, a i r  dr ied 30 minutes, and 
placed i n  90°C oven for  1 hour. 
and, although strong, had a v e r y  i r regular  surface.  
Product showed swelling 
4 g m  Halane 
1.6 gm powdered graphite 
0.2 gm Flexbond res in  ( P V A )  
Materials were mixed together,  placed i n  1-inch c i r cu la r  
d i e ,  and pressed at  a pressure of 6,000 pounds. A strong 
compact cake, 5/16 x 1 inch w a s  formed. 
24 g m  Halane 
9.6 gm powdered graphite 
Material was mixed and placed i n  a rectangular d i e .  Mix 
and d i e  were placed in  Baldwin machine which applied a 
t o t a l  pressure of 72,000 pounds. A smooth, compact cake 
3.5 mm thick by 15 cm x 5 cm was formed. 
No. 4a 16 gm Halane 
8 gmKBr 
8.0  gm graphite 
Materials were mixed and pressed in d i e  a t  85,000 pounds 
preseure. 
formed . 
A very poor cake which broke very eas i ly  w a s  
No. 4b 16 gm Halane 
8 
9.6 gm graphite 
gm KBr (ground to  a f i n e  powder) 
Materials were mixed together with 10 drops raw propylene 
carbonate. They were ground, placed i n  die ,  and pressed 
a t  75,000 pounds. This cake held together w e l l  and w a s  
usable as  a cathode i n  ce l l .  
34 
. 
Appendix A (Concluded) 
Cathode Cakes 
No. 5 16 gm graphite 
16 g m  CuO 
0 .8  gm Flexbond res in  (PVA) 
10 m l  acetone ( t o  dissolve r e s i n )  
Components w e r e  ground together using a mortar and pestle. 
After grinding, material w a s  placed i n  a d i e ,  spread 
evenly, a i r  dried 18 hours: and pressed a t  80,000 pounds 
pressure. A f a i r l y  good cake resul ted.  
K I C l C  
KC1 7.5 gm 
12.7 gm 
c12 7.1 gm 
KC1 was mixed with a l i t t l e  w a t e r  t o  which I, was added 
and heated t o  50°-600C i n  a water bath. C1, bubbled i n  
s lowly  as orange crystals formed. Crystals  of KIC1, w e r e  
dried with suct ion and s tored i n  a desiccator.  
cu,s 
Cu w i r e  6.4 gm 
S 4.0 gm 
Cu and S were heated i n  a p a r t i a l l y  closed crucible  u n t i l  
excess S burned off. Cu2S w a s  then crushed and powdered. 
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APPENDIX B - PARTS 1 AND 2 
SUMMARY OF RESULTS OF CELL EXPERIyI&NTs 
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